It is proposed theoretical estimating workability of steam boilers superheaters on the base of considering the influence of a high-temperature uniform chemical corrosion on of a high-temperature creep of superheater pipes on account of stresses redistributions the pipes walls due to their thickness decreasing. The high-temperature uniform chemical corrosion is presented by the well-known time and temperature dependences of the height of damaged material. The high-temperature creep is considered using the well-known incremental-type theory taking into account the Cachanov-Rabotnov scalar damage parameter. It is proposed the mathematical model of state of superheaters pipes in the form of initial-boundary-value problem in the domain with the moving boundary. The differential equations, initial and boundary conditions of that problem are corresponded to the well-known in the theory of high-temperature creep. Moving of the boundary is corresponded to the wellknown time dependence of the height of damaged material due to the high-temperature uniform chemical corrosion. Although, the used theory of creep and the used regularities of uniform corrosion are well-known separately, considering the influence of uniform corrosion on the creep is the complicated problem due to the moving boundary in the corresponded initial-boundary-value problem. It is shown, that the spatial variable replacement allows to reduce the proposed initial-boundary-value problem with the moving boundary to the initial-boundaryvalue problem with the fixed normed boundary, that allows to simplify numerical solving of the considered problem. The method of lines is discussed for solving the initial-boundary-value problem, representing the mathematical model of the state of pipes of superheaters.
Introduction
It is well-known, that workability of the steam superheaters of boilers is significantly limited on account of the most complicated operating conditions due to the highest internal pressures and temperatures firstly.
The heat exchanges pipes are the principal parts of the steam superheaters of boilers [1] . These pipes of the superheater are located in the flow of hightemperature combustion gaseous products and the water vapour is heated while it moving inside that pipes. The highest pressures of the water vapour and temperatures of this vapour and combustion products, heating the vapour, lead to the damages due to the creep of pipes of steam superheaters. Besides, and the highest chemical reactivity of the combustion products, heating the pipes, leads to the significant damages due to the corrosion of steam superheaters of boilers. Thus, workability of steam superheaters of boilers is the one of principal problem in thermal power industry and engineering. Due to these circumstances, there are a lot of publications, connecting with workability of steam superheaters of boilers [2] [3] [4] , which make actual the theme of this article, which deals with superheater workability too.
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Purposes of the article
The high-temperature creep and uniform chemical corrosion in combustion products and their influences on limiting the workability of steam superheaters of boilers are relatively fully researched separately each other as wrote in [5, 6] for example. At the same time, the high-temperature creep and the uniform corrosion are presented simultaneously during superheaters operating, and the workability assessments considering separately the creep only and the corrosion only can be noticeable different from the actual workability of steam superheaters. Really, the uniform corrosion leads to decreasing the thickness of the wall of pipes of steam superheaters, and as the results of this it lead to the increasing of the internal mechanical stresses as clearly understood from well-known fundamentals of the strength of materials and the theory of elasticity [7, 8] . At the same time, the rate of creep is significantly depended on the mechanical stresses at the given temperature and due to the nonlinear dependence between the rate of creep and the stress the relative small increasing of the stress can lead to noticeable increasing the rate of the creep [9, 10] . Thus, the uniform corrosion can noticeably accelerate the rate of the creep in account of the stresses increasing due to the thickness decreasing of the wall of superheaters pipes and it is necessary to have the assessments for magnitudes of that acceleration and their influences on workability of superheaters. Thus, the purpose of this article is developing the approaches to estimating workability of the steam superheaters of boilers considering with influencing the uniform high-temperature chemical corrosion on the damaging due to the hightemperature creep of superheaters pipes.
Mathematical model of superheater's pipes, considering the creep and uniform corrosion
The typical steam superheater of a boiler is a lot of heat exchanging pipes, which are hanged in the boiler's gas flue, so that the heated steam is moved inside these pipes, but the heating combustion gaseous products are moved on the outside these pipes, as shown on the fig. 1 -a.
The average length l of the straight fragment of the pipes is significantly greater than the transverse sizes, limited by the external radius of the pipes. Due this circumstance the states of the pipers are almost similar at the cross-sections far from the edges of the pipes. Thus, to define the state of the pipe at the central cross-sections it is possible to use the well-known assumptions of the plane problem, widely used in theory of elasticity and in the theory of creep to simplify the problems [7, 9] , and to consider further the state of only the central cross-section ( fig. 1-b ) of the pipe of a superheater.
It is naturally to assume that the pressure p of the heated steam, moving inside the pipe, is similar in all circumferential directions ( fig. 1-b ). Corresponding with purposes of this article, it is suitable to neglect the all circumferential distributions of the state of the pipe, because it will allow to simplify significantly the mathematical formulation of the problem without losing the opportunities for researching.
The high-temperature creep will be considered further on the base of the incremental-type creep theory with the Cachanov-Rabotnov scalar damage parameter, which allowing to define the rupture time of the pipe, limiting the workability of a superheater.
Results of the high-temperature uniform chemical corrosion will be imagined as decreasing the external radius of the pipe on the magnitude [11] :
where κ is the depth of corrosion-damaged layer on main metal ( fig. 1-b ).; t is the time and T is the tem-
are the functions, corresponded to the given structural material of the combustion products of the given fuel, which can be estimated as the results of experimental researching [11] . The uniform corrosion of the pipe of superheaters from the steam side is neglected, so that the internal radius a of the pipe is the constant (see fig. 1 -b). At the same time, the external radius of the pipe is changed during the operating time, and this changing can be represented using the relation (1) in the form:
is the external radius of the pipe at the time moment t , but 0 b is the external radius of the pipe at the time moment
T is the temperature of the pipe at its external radius (see fig. 1 
The temperature field in the wall of the pipe can be chose corresponding to the solution of stationary heat conduction in the axial-symmetrical cylinder considering the relation (2) in this solution as:
where a T is the temperature of the pipe at its internal radius (see fig. 1 
Magnitudes a T and b T of the temperatures at the internal and external surfaces of the pipe of the superheater can be estimated from heat transfer analysis in the steam boiler independently from the pipe workability researching.
Considering the noted above assumptions, the mathematical model of the state of the pipe of a steam superheater of a boiler is proposed as follows: are the redial, circumferential and axial stresses in the pipe; u is the radial displacement of the pipe;
is the temperature of the naturally unloaded state; r c and θ c are the radial and circumferential creep deformations of the pipe; ω is the Cachanov-Rabotnov damage parameter;
the damage parameter velocity, which all can be established for the given structural material using creep and long-term strength curves at given temperatures.
Differential equations (4) and boundary conditions (5) represent the mathematical model of the stress-strain state of the pipe for the given temperature and the given creep deformations. Differential equations (6) and initial conditions (5) represent the mathematical model of growth the creep deformations and the permanent damages in the pipe. The relation (8) defines the domain of the pipe cross-section with the moving external surface. The influence of the uniform corrosion on the creep and damages the pipe is presented in mathematical formulation (4)-(8) through the time depended external radius (2) of the pipe, which is defined using the model of uniform corrosion in the form (1) .
Numerical analysis the state of the pipe considering the creep and the uniform corrosion
The most main difficulties in solving the initialboundary-value problem (4)- (7) are due to the moving boundary (8) . Really, for the fixed boundary, when the external radius is not depends on the time and is the given constant, it is possible to solve the problem (4)- (7) of the theory of creep by using the Galerkin's method [12] or by the more effective method of lines [13] , because the equations (4), (6) can be discretized once for the given fixed domain and this discretization can be used further during integrating on the time as wrote in [12, 13] . In the case of the moving boundary (8), the equations (4), (6) at some moment of the time are defined in the current domain, corresponded to the moving boundary at that same moment of the time. Thus, during integrating on the time it is necessary to rebuild discretization of the equations (4) and (6) for each current moment of the time.
For solving the initial-boundary-value problem (4)- (7) with the moving boundary (8) it is suitable to use the variable replacement:
where ρ is the new spatial variable for further using instead the radial coordinate r .
As follows from the double inequalities (8), defining the domain with the moving boundary, considering the definition (9) the introduced new spatial variable is changed in the constant limits: are the values, corresponding to the internal and external side-surfaces of the pipe of a steam superheater.
Using the definition (9) of the new spatial variable, it is possible to represent the radial coordinate as (9) and (11) allow to reduce the equations (4) with the boundary conditions (5) as well as the equations (6) to the form ( ) ( ) ( ) , ,
Thus, the initial-boundary-value problem (4)- (7) with the moving boundary (8) is reduced to the initialboundary-value problem (12)-(14) (7) in the domain (10) with the fixed boundaries, but the equations (12) have the time dependent coefficients instead the constant coefficients in the equations (4) . For solving the initial-boundary-value problem (12)-(14), (7) it is advisable to use the method of lines, as wrote in [13, 14] . To represent this approach it is suitable to represent the initial-boundary-value problem (12)-(14), (7) using .the operator form:
where ( ) p are the operator and the vector, representing some of the equations (12) and the boundary conditions (13) at the point
is the vector-function of vector two vector arguments, representing the equations (14) at the points 1 0 ≤ ρ ≤ . Following the method of lines, instead the vectors ( ) 1 u and ( ) 2 u in all points of spatial domain (10) these vectors will be considered in nodes only, representing some finite number of the points of the domain (10) . These nodes are had the coordinates:
where n is the number of the nodes; n 1 = ρ ∆ is the step of the grid; grid is imagined as the set of all nodes.
The nodal vectors ( ) 
where 
where ( ) ( )
is the some vector function of the time and two vectors.
Using the relation (20), which represents the discretised boundary-value problem (15), (16) for a given vector ( ) 2 u , it is possible by solving the corresponding linear equations system to find the following vector function of the time and the vector argument:
The vector function (23) gives the possibilities for excluding the vector ( ) Actually, the relations (23) are representing the initialvalue problem in the canonical Cauchy form, which can be solved by using any well-known step-by-step numerical methods, including the Runge-Kutta methods [33], but the Merson's method is recommended for numerical solving the problem (22) [12, 13] .
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Discussing the results about the numerical analysis the state of the pipe of a steam superheater
Reducing the initial-boundary-value problem (4)- (7) with the moving boundary (8) to the initialboundary-value problem (12)-(14), (7) with the fixed boundary (10) allows to significantly simplify the numerical analysis of the state of pipes of steam superheaters considering with the high-temperature creep and the high-temperature corrosion. These simplifications are due to excluding the necessaries to rebuild the grid nodes during the integration on the time, but one of the matrices and the vector in the vectorfunction (22) are the functions of the time due to the moving boundary. Nevertheless, in proposed approach numerical solving the initial-boundary-value problem with moving boundary is maximal similar to the numerical solving the initial-boundary-value problem with the fixed boundary.
Solving the equation (15) with the boundary conditions (16) can be realized not only the method of lines, but using the Galerkin's method for example. Significantly more time requiring for machinecomputing the matrices in the vector-function (22) using the Galerkin's method makes the most suitable the method of lines, especially for solving the initialboundary-value problems with moving boundaries. The band structure of the matrices from the vector function (23), when the method of lines is used, makes this method suitable also, because it is possible computing with only nonzero elements of the band matrices, which will allow to minimize the computing operations.
The result of the vector-function (22) is actually the solution of the system of the linear equations each time with another matrix, corresponding the considered moment of the time. There are a lot well-known methods for solving the systems of linear equations and it is necessary to choose the most suitable of these methods for the considered problem. The possibilities of multiple using the especially transformed matrix of systems of linear equations for solving the linear equations with different given right vectors but with the same matrix like in the LU-method and the Gauss 's method are not necessary for building the result of vector-function (22), because the different matrices correspond to the different moments of the time. It seems that the iteration methods, like the Seidel's method, are more suitable for building the result of the vector-function (22) when numerically solving the problem (23).
The Cachanov-Rabotnov damage parameter ω , which included in the mathematical model of the state of pipes of a steam surepheaters of boilers, considering the high-temperature creep and the uniform corrosion, will allow to define the time * t of reaching the limiting state of the pipe using the condition:
where * ρ is the normed coordinate of the place-point of forming the macroscopic defect.
Solving the initial-boundary-value problem (10), (12)-(14), (7) , representing the mathematical model of the state of pipes of a steam surepheaters of boilers, considering the high-temperature creep and the uniform corrosion, will allow to estimate the time, corresponding the limiting state of the pipes, and due to it will give the assessment of workability of the superheater.
Conclusions
It is proposed theoretical estimating workability of steam boilers superheaters on the base of considering the influence of a high-temperature uniform chemical corrosion on of a high-temperature creep of superheater pipes on account of stresses redistributions the pipes walls due to their thickness decreasing.
The high-temperature uniform chemical corrosion is presented by the well-known time and temperature dependences of the height of damaged material. The high-temperature creep is considered using the well-known incremental-type theory taking into account the Cachanov-Rabotnov scalar damage parameter. It is proposed the mathematical model of state of superheaters pipes in the form of initial-boundaryvalue problem in the domain with the moving boundary. The differential equations, initial and boundary conditions of that problem are corresponded to the well-known in the theory of high-temperature creep. Moving of the boundary is corresponded to the wellknown time dependence of the height of damaged material due to the high-temperature uniform chemical corrosion.
Although, the used theory of creep and the used regularities of uniform corrosion are well-known separately, considering the influence of uniform corrosion on the creep is the complicated problem due to the moving boundary in the corresponded initialboundary-value problem. It is shown, that the spatial variable replacement allows to reduce the proposed initial-boundary-value problem with the moving boundary to the initial-boundary-value problem with the fixed normed boundary, that allows to simplify numerical solving of the considered problem. The method of lines is discussed for solving the initialboundary-value problem, representing the mathematical model of the state of pipes of superheaters.
